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COUPLING OF LOW SPEED FAN STATOR VANE UNSTEADY
PRESSURES TO DUCT MODES: MEASURED VS. PREDICTED

Daniel L. Sutliff*
AYT Corporation
Brook Park, Ohio 44142

Laurence J. Heidelberg* and Edmane Envia*
National Aeronautics and Space Administration
Glenn Research Center

Cleveland, Ohio 44135

Abstract interaction noise, occurs at discrete tones corresponding
to the blade passing frequency (BPF) and its harmonics.
Uniform-flow annular-duct Green'’s functions are Rotor-statorinteraction noise can have a significantimpact
the essential elements of the classical acoustic analogn the noise exposure problem during takeoff and landing.
approach to the problem of computing the noise generatdd view of the stringent community noise regulations and
by rotor-stator interaction inside the fan duct. This papethe noise reduction goals of NASA’s Advanced Subsonic
investigates the accuracy of this class of Green’s functionsechnology program, it is highly desirable to have a
for predicting the duct noise levels when measured statanethod for accurate prediction of this source.
vane unsteady surface pressures are used as input to the
theoretical formulation. The accuracy of the method is  The most commonly used method for predicting
evaluated by comparing the predicted and measureator-stator interaction noise has been a version of
acoustic power levels for the NASA 48" low speed ActiveLighthill's acoustic analogy that employs uniform-flow
Noise Control Fan. The unsteady surface pressures aa@nular-duct Green’s functions. These functions are used
measured by an array of microphones imbedded in th establish a connection between the unsteady surface
suction and pressure sides of a single vane, while the dugtessure distribution on the stator vanes and the duct mode
mode levels are measured using a rotating rake systelevels'. Prior work has shown that for low to moderate
installed in the inlet and exhaust sections of the fan ductip speed fans, such a methodology produces quite
The predicted levels are computed using properly weighteteasonable qualitative data-theory agreement, but tends to
integrals of measured surface pressure distribution. Thiall short when it comes to detailed quantitative
data-theory comparisons are generally quite goodomparisons. Clearly, the shortcoming is caused by either
particularly when the mode cut-off criterion is carefully inaccurate prediction of unsteady surface pressure
interpreted. This suggeststhat, atleast for low speed fandistribution or the inadequacy of the uniform-flow Green’s
the uniform-flow annular-duct Green’s function theory function representation (or perhaps both).
can be reliably used for prediction of duct mode levels if
the cascade surface pressure distribution is accurately For the most part, prediction of the unsteady surface
known. pressure distribution on a stator vane is accomplished via
the so-called strip theory which accounts for the variations
Introduction of the unsteady response along the airfoil span only
parametrically, butis otherwise a 2D model of the inherently
The periodic interaction of fan viscous wakes with3D unsteady aerodynamic response. Compounding the
stator vanes is a principal source of tone noise in modenroblem is the fact that the typical 2D cascade response
turbofan engines. This source, referred to as rotor-statanodels use zero thickness flat plates to represent the
airfoil section geometry. Genuinely 3D unsteady
aerodynamic models which account for both three-
* Senior Member, AIAA. dimensionality of unsteady response and the blade
geometry are not yet rigorously tested or widely available.
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On the other hand, if 3D unsteady response was Experimental Measurements
available through other means, the reliability of the Green's
function approach could be investigated. To that end, thEan Characteristics
3D unsteady vane surface pressure distribution for a
representative fan was experimentally measured. This The feature of the ANCF rig that makes it a unique
involved developing a technique for reliably measuringtool for code validation is its flexibility. Choosing the
the time-dependent surface pressures with sufficierproper stator vane count will result in particular mode
resolution in both space and time to allow for thecombinations that can be studied in isolation. For this
construction of an accurate "picture" of unsteady bladstudy 13-, 14-, 26-, and 28-vane counts were configured.
response. In conjunction with such measurements, thEhus, the effect of generating a single mode, or two radial
duct noise levels were also measured to allow for anodes for a single circumferential mode, or two
comparison between the predicted duct mode levels basedcumferential modes, each with a single radial mode,
on the measured unsteady response and measured deah be studied independently. The chord is the same for
mode levels. all vane configurations, so the solidity varies with the vane
count in contrast to the classical fixed solidity studies.
To reduce the technical complexity of the
measurements to a manageable level, the low-speed Active The modes generated by rotor-stator interaction, and
Noise Control Fah*(ANCF) facility located atthe NASA  their nominal cut-off RPM, at the rotor station (hub-to-tip
Glenn Research Center was chosen as the test bed. Taéius ratio of 0.31) are shownin Table |. Fan speeds from
ANCF has a 16-bladed variable-pitch rotor and can b&000 to 1900 corrected RPM were run with an emphasis
configured with stator vanes to generate a specific duain speeds where new modes cut-on.
mode mix for aeroacoustic research. A unique feature of
the ANCFrig is the direct attachment ofthe rotor centerbody ~ The fan rotor blade has an average chord length of
to the rig support column thus eliminating the need fort.5”. The stator vane chord is a constant 4.5”. Nominal
support struts that tend to introduce extraneous sourcemtor-stator spacing is measured at the hub from the fan
The combination of the low tip speed (~400 ft/sec) and th&ailing edge to the stator leading edge which, for this
48" diameter produces interaction tones that are in thexperiment, was set at half the vane chord.
same frequency range as those of a full-size modern
turbofan. A schematic of the ANCF is shown in figure 1.Duct Mode Data

The unsteady surface pressures were measured onthe The in-duct mode PWL was measured at the same
suction and pressure sides of a single stator vanes usingrrected fan speeds as were run for the vane pressure
imbedded miniature microphones. The harmoniadata. The rake/vane data were taken within a few hours of
magnitude and phase information from these microphonemne another. The rotating rake was installed such that the
were used as input to the theoretical duct noise model tmode levels are measured very near the inlet entrance or
predict mode power levels (PWL) for comparison withexhaustexitrelease plane. The modal pressure coefficients
measured PWL obtained via a rotating rake system. are converted to mode PWL assuming all the power is

flowing in one direction. This implies that there is no

The rotating rake system is an implementation of arsignificant termination reflection or standing waves. This
idea originally conceived by T.G. Soffirand developed assumption has been shown to be valid for the'irtheit
at NASA Glenf whereby a rake with radially distributed is less accurate for the exhaust propagation.
pressure transducers rotates circumferentially in the
direction of the fan ata precise fraction of the fan rotationa¥/ane Instrumentation
speed. Since each circumferential acoustic mode rotates
at a unique speed in the rotor frame of reference, a known A single vane was instrumented on both the suction
Doppler shift occurs for that mode in the rake frame ofand pressure sides with miniature microphones.
reference allowing for separation of the circumferential60 microphones (30 on each side) were installed. The
mode content of the measured acoustic pressure fieldtane was spliton the mean camber line to allow installation
Further decomposition of each circumferential mode intand replacement of the microphones. The microphone
its radial mode content is accomplished via a least-squaréscations for the corresponding suction/pressure pair were
curve fit using the Bessel basis functions. chosen to be nominally the same chord and span locations.
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A small offset in the span direction was required to  To help identify the spanwise trends, the BPF data
physically accommodate the microphone pairs. Thealong two span lines, at 20% chord and 85% chord, are
nominal locations are shownin figure 2. Three mainchorgiresented in figure 5. The suction side shows an
lines were instrumented as well as a single span line at tl@proximately linear advance in phase from the hub to the
20% chord location. For the 14-vane configuration, a paitip indicating that the wake impacts on the hub first. This
of instrumented vanes was used to add a span line at tleeconsistent with the wake lean noted in the hotwire
85% chord location. One vane had eight microphones omeasurements taken on the ANCF e&tliemn the pressure
the suction side while the other had eight at theside, there is arapid change in phase near the tip region an
corresponding locations on the pressure side. Thus, thedicator, perhaps, of a complex tip flow.
unsteady pressures were measured at a total of 76 locations
(for the 14 vane configuration only). The microphone @ The 2BPF magnitude and phase chordwise
locations were obtained by the intersection point of thalistributions are showninfigure 6. In general, these levels
surface normal with the mean camber line as illustrated iare 10 dB below the BPF levels. On the suction side, there
figure 3. are two chordwise phase cycles at 91% span, one at the
74% span location, and none at 49%. The pressure side
The unsteady pressure time histories wereshows little indication of phase cycles. The chordwise
synchronously sampled at 256 samples-per-revolution fgphase cycles on the suction side are qualitatively consistent
1250 fan revolutions and recorded via a digital acquisitiornwith the classical view of the gust-airfoil interactions, but
system. A time domain average with an ensemble lengtberhaps less so on the pressure side. Figure 7 shows the
of one fan revolution was performed to further extract thecorresponding spanwise plots. Atthe 20% chord location,
tone signal. An FFT was performed on the suction anthere are no cycles in the spanwise phase, while there is at
pressure side time-domain averaged histories from whicleast one cycle evident at 85% chord location. Of course,
the BPF and 2BPF-magnitude and phase information wake lack of sufficient resolution at the 2BPF makes wave

extracted. form interpretation somewhat subjective. The
corresponding data for the other vane configurations are
Vane Surface Pressure Data presented in the appendix.

Figures 4 through 7 present the unsteady surface To helpidentify the relationship betweenthe measured
pressures for the 14-vane configuration at 1800 correctedhne pressures and duct acoustic levels, the following
RPM. The magnitude and phase of the unsteady surfaceetric was introduced:
pressures were extracted at frequencies corresponding to
BPF and 2BPF for the suction and pressure sides separately.

In this paper, the magnitudes are presented as sound S %@1%,74%,94% ﬁ%
pressure levels (SPL). The unsteady pressure levels for P =———— %g Z (Aprms)g o @
other RPM and vane configurations are included in the 10 ™ podo H O 0 E
appendix.

Figure 4 shows the unsteady surface pressure levelsat HerePy,s denotes the average unsteady chordwise

BPF along the three main chord lines at 49%, 74%, an@ressure A indicates the difference (i.e., suction side
91% span locations. On both sides of the vane, the sppinus pressure side) and the ovgrbar the_chordwise sum (_)f
shows the expected higher levels near the leading edg‘@easured pressures. The no_mlnal rr_1ed|um impedance is
although the trend is less dramatic on the pressure side. @€N bY Pgd, and the quantity 18 is the reference

the suction side of the vane, an unexpected increase in tREOUStiC power (in Watts). Somewhatarbitrarily, the area,
levels was noted near the trailing edge atthe 91% and 74% Was chosen as the surface area of a single vane. It
span locations where flat-plate analyses would sugge§f'ould be emphasized thgtis defined only to give a
rapidly decreasing levels. At the 74% span location, chorfPUgh estimate of the “average power” radiated by the
pressures show minimums near 25% and 70% chory@n€ unsteady surface pressures absent multi-vane,
stations. The levels on the pressure side show a maximupga-field, or ductboundary effects. Phase was ignored in
near the leading edge and decaying amplitude along tf{8€ computation of the averaging loading since it was
chord. Aless severe rise at the trailing edge is also evidefglatively uniform, particularly at BPF.

here. The phase of the unsteady pressure on both sides is

fairly constant indicating a long wavenumber gust.
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Variations of the metrip, as a function of fan RPM  whereG is the Green’s function, f the unsteady loading

for all vane counts are shown in figure 8. At BPF, theyistribution on the vanes ani the unit surface normal.
results show monotonic increases with RPM, except for, . : ' S _
' . : . X is an arbitrary field point inside the duct arg an
the 13-vane configuration, which shows a local rise near . .
1400. This is related to the cut on of the mode (3,0) aq,rbltrary source_locaﬂon on the vanes. the harmomc
1392 RPM. Doubling the vane count increagesy a tone frequency, is equalfldgQ whereQis the_ rotational
couple of dB at BPF. At 2BPF, the metric for the 14- an peed O,f Fhe farmig th_e fan bl_adg count ar]ct_he tone
28-vane configurations shows monotonic increases with2rmenic index. The integration is to be carried out over
RPM with the 28 vane at a slightly higher level. For 13-ne surface of the vane cascade denotecsbyThe

and 26-vane configurations it shows a significant rise neg£duirement that the boundary condition on the duct walls
1750 RPM. Is satisfied leads to a representatiofisah terms of the

eigenmodes of the annular duct. The result is:

Next, in figure 9, a comparison of the power metric
and tone PWL obtained from the rotating rake , 1
measurements is shown. In general, the trengséne G(%/%s;w) = z Z—l
very similar to those of tone mode PWL. In particular, the mon 1-—-
steep increase in tone PWL centered near 1750 RPM for Vo dm
the 26-vane configuration is matched by an equally xwrm(r-e)wr;n(rsﬁs) (39)
dramatic increase in the vane power value. This increase
in duct mode level had been noted in an earlier Study
The reason for the dramatic increase i; unknovyn bl_Jt Yo (r,6) :[AJm(Kmnr)+ BYm(Kmnr)] (3b)
thought to be related to some resonance-like condition in
the unsteady pressures. An examination of the results for

26 vanes in the appendix shows that the phase response of . k O 1 O
the unsteady pressures is relatively flat at 2BPF near 1750 K = —> 0 Mo £ \/1‘ -0 (3c)
RPM when compared to the 28-vane case. Overall, the Bo O $mn O
similarity of the trends in figure 9 is most probably due to
the particular geometry of the ANCF and the modest w ~ ) ok
variations of the chordwise phase of the unsteady pressures K=—  Bo ={1-Mg, & = Bokr (3d)
at all vane counts. % 0fm
Theoretical Model whereM, anda, are the Mach number and speed of sound
of the medium inside the duct,, 's represent the normal
Duct Mode Description modes (i.e., eigenfunctions) of the duct indexethbthe

circumferential mode order, andthe radial mode order.

The theoretical framework for describing the modalm@ndYy,are Bessel functions of the firstand second kind,
structure of the rotor-stator interaction noise using©SPectivelyky, s denote the radial eigenvalues for the
uniform-flow Green’s function is well established and, dUct-Kyt is the axial wavenumber with the minus sign
therefore, need only be outlined here. However, wher@€noting the upstream moving acoustic wave and plus

necessary, improvements made to the standard model willgn the downstream moving acoustic wagig,, the cut-
be pointed out. off ratio of the mode, determines which modes propagate

for a given frequency, Mach number and hub-to-tip radius

The acoustic analogy based formula for the harmoni&tio- Modes for whicld, ,is greater than unity propagate,
acoustic pressure field generated inside a hard-walle@therwise they are cut-off (i.e., evanescent).

annular duct, containing a uniform mean flow is given o ]
by?: Once the unsteady pressure distribution f is known

overthe vane surfaces, Eq. (2a) can be used to compute the
acoustic pressure field in the duct which, in view of the
B (% w) :J'DG(X’ |%s;w) M f(Xs;w)dXs  (28)  modal nature of5, can also be represented in a modal
S form. In essence, the sound field inside the duct is
envisaged as being caused by an unsteady source
distribution on the vane cascade. The unsteady source
distribution (i.e., f) is induced by the rotor unsteady
wake upwash.

X=(xr1,0), %s=(Xsrs06) (2b)
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In the usual application of these formulae twowhere the dependence on the frequency parameier
simplification are made. First, the vanes are assumed to lmaplied in Egs. (4a and 4b) but is omitted for the sake of
twisted, zero thickness, flat plates. Second, the striprevity. In general, all the terms in the integrand depend
approximation is invoked to model the unsteady vanen the surface coordinateg(r,, 6). In a strip
loading at each radius independently of the rest of thapproximation, the radial derivatives in Eq. (4b) are
span. This greatly facilitates the task of computing theneglected and the remaining terms reduce to simple
surface integral in Eq. (2a). In this simplified approachformstO. It should be emphasized that the integral is the
both the vane geometry and the unsteady loadingum of contributions from both the pressure side and
distribution depend parametrically on the radius (i)e., suction side of vane.

but are otherwise two-dimensional functions of
xand@ only. In general, the integral in Eq. (4a) is too complex to

compute in closed form and must be integrated by a

Despite its obvious computational advantage, such guadrature scheme. This can be done, for example, by
simplification ignores several potentially significant dividing the surface into small “panels” whose individual
features of the loading distribution on a real vane. Fogontributions to the integral can be computed analytically.
example, while for a true 3D loading distribution the The number of panels can always be chosen so asto ensure
boundary condition on the vane is satisfied simultaneousl§ desired accuracy in the calculations. Naturally, given
everywhere on the cascade surface, each 2D strip loadiffggt the measured vane unsteady pressure distributions
distribution satisfies the boundary condition only at itsPresented earlier are relatively sparse, it is necessary to
own local radius, but violates it elsewhere on the vanéhterpolate them over the vane surface for high-resolution
surface. This has the effect of introducing additionacomputation of the surface integrals.
sources where none exist. In addition, the orientation of ) S
the local chordwise lift vector for a real airfoil section Interpolation of Unsteady Pressure Distributions
typically varies from the leading edge to the trailing edge.

This variation can exert a significant additional influence _ ecall the surface microphone layout in figure 2 and
on the “split” of the acoustic field in the upstream andtypical measured chordwise and spanwise distributions of

downstream direction beyond the mere orientation of th@MPlitude and phase of unsteady vane surface pressures
shown in figures 4 and 5. While, from a purely

whole section (i.e., the stagger angle effect). Finally; , ; ;
aerodynamically speaking, in the case of a real blade roathematical point of view, there are many ways to
the non-uniform mean flow tends to distort the incominglnterpolate the measured pressures over the surface, the
gust (i.e., wake) causing differences in amplitude and thaature of the aerodynamic interaction places restrictions
phase of the upwash experienced by the two sides of 14! the allowable form of in.terpolation. For example, nott_e
vane. This, inturn, causes differences between the resultitgat the measured spanwise phase at 20% chord location
unsteady pressure distributions on the two sides of tha/'OWS an essentially monotonic variation, and that the
vane. This effect is totally absent from the flat-plateCnordwise phase distributions at the three spanwise

cascade response theories because they use a “froZ@R2UONS 49%, 74%, and 91% are generally very similar.
gust” model of the incident wake. This observation suggests that when interpolating the

pressures one should ensure a similar behavior for the
Measured unsteady pressure distributions are by theipterpolated phases. Similar arguments could be invoked

very nature 3D and include all of the real flow effects’" the amplitude interpolation.
discussed above. As a result the surface integration in

. . ; Beyond the nature of the interpolation scheme to use,
Eq. (2a) is somewhat more complicated as it must account . : ; . .
one is also faced with the question of which quantities to

for the airfoil geometry and local surface orientation. The o .

) : ] interpolate. Specifically, should the phase and amplitude
unit normal ng can then be expressed in terms of the,g interpolated, or is it preferable to interpolate the real
gradient of the surface prOf”e. SUbStltUtlng in Eq (zabnd imaginary parts of the pressure? A|th0ugh both
yields strategies were examined, the focus was on the amplitude

and phase method. The choice was motivated by the
P (X) :IQ(>*(|)zs)f(>*<s)dy<s (4a) notion that phase variation is more or less monotonic
A along both the chordwise direction (from the leading to the
trailing edge), and the spanwise direction (from hub to tip)
Q(>”<|7< ): N +___D thus lending itself more easily to simple interpolation
S I0g %,}Xs S Oy rg 00 3955 schemes. For the sake of completeness however,
(4b) comparisons of the acoustic results generated by both
methods will be presented.
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The particular interpolation scheme utilized in this stage interpolation would be needed, but that would involve
paper employs a two-tiered approach whereby a coarsmly interpolations and no extrapolations.
distribution of the chosen quantity is produced first and is
later used to generate distributions of any desired resolution. Once the acoustic pressure is computed, the time
The coarse distribution is obtained over a coarse grid thatveraged acoustic power generated inside the duct due to
has the same chordwise and spanwise spacing as thwor-stator interaction can be calculated. The expression
microphone location layout but covers the entire vandor acoustic power, appropriate to a uniformly moving-
surface. Using the spanwise data at the 20% chonahedium, is given by:
location as the “anchor” points, the chordwise distributions
where no data was taken were filled in by interpolating in

between the main chord lines at the 49%, 74%, and 91% = J’ (1+ M%)(p ax) +ﬂ<p B *)

span locations. In constructing the interpolating function, Podo

which is done separately for the region between the 49% .,

and 74% locations, and the region between the 74% and + PodoMo(0l *>] dA (9

91% locations, the known boundary data are weighted in

linear proportions to their proximity to the point under,herey'is the acoustic particle velocity aAg the cross-
consideration. Therefore, the missing chord lines are . ctional area of the duct. The s mbal denotes time
filled in by linearly blending chordwise profiles of the ' y

known data anchored to the 20% chord locations along trfeveéraging overone pe_noat/Zu. Oncep'is knowny‘ can
span. Then, the Kutta condition is enforced along thgasﬂy be calculated via the momentum equation. After
trailing edge by stipulating zero surface pressure difference®™€ algebra,, on a per mode basis, the power is given by:
everywhere along the span. When completed, this method

produces interpolated values in a "box" bounded between o

the 49% and 91% span locations, and between the 20% Moo jl—T

and 100% chord locations. Next, extrapolations are = \ LLUBY * (6)
) s Pmn mn P mn

performed to cover the rest of the surface. This begins by O 1 D2

using the first two chord locations at each spanwise station d+Mo 1-——n

to form a linear extrapolating function, which is then 0 Vo dmO

evaluated at the leading edge to obtain an estimate of the

unsteady pressures (i.e., amplitude and phase) therghere p' is mode pressure and the symbol * denotes
Similar procedures involving quadratic and cubic SChemeéomplex conjugate. Duct mode power level predictions
produce virtually identicahcoustic results despite the pased on Eq. (6) are the principal quantities that are used

differences in the values of the extrapolated leading edgg comparisons with the measurements presented in the
surface pressures. Finally, employing alinear extrapolatiogext section.

scheme along the spanwise direction, the missing locations

between the hub (i.e., 31% span) and 49% span, and DISCUSSION

between the 91% span and the tip (i.e., 100% span) are -

filled to complete the matrix. At this point coarse ggfect of Analytical Model Implementation on PWL
distributions of both the amplitude and phase have bees,adictions

constructed. An identical procedure can be used shou

one choose to use the real and imaginary parts of the gjnce the theory presented in this paper models the
measured unsteady surface pressures instead. It shouldg, stics of an infinite constant-area duct, it does not
emphasized that the interpolation is carried out on thg--ount for duct area change effects. Therefore, the

pressure values themselves not on their corresponding,mnarisons are carried out on the basis of acoustic power
SPL values showninfigures 4 through 7. In particular, thg,hich accounts for area change.

interpolation was performed on the amplitude in linear

units and on the phase in degrees. The theoretical power levels were computed for BPF

i o ] and 2BPF tones (when cut-on) for all vane configurations

With a coarse distribution of the interpolated unsteady, nq fan RPM considered in this study. The calculations
pressure data now available, the quadrature-based surfaggye carried out on a mode-by-mode basis and the resulting

integration defined by Egs. (4a and 4b) can be computeg | powers were summed to provide the total power in

Of course, since typically one will use a more resolvedach tone ateach fan speed. Both upstream and downstream
surface grid than that defined by the coarse grid, a secong 4;stic power levels were computed.
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The power calculations, however, proved problematidevels are some 15 dB above the measured ones when a
when computing the variation of mode power near cut-omode just cuts-on. In contrast, the corresponding soft cut-
(i.e., whené = 1). The problem arises because, in theon levels follow very closely the data. In view of the
immediate neighborhood of cut-on, the Green'’s functiorsignificant improvement in data-theory comparisons, in

the remainder of the paper only results based on the soft

is nearly singular due to the presence ofthet%lmT cut-on criterion will be presented. Further discussion of

ém these results and their analysis on a mode-by-mode basis
in the denominator (see Eq. (3a)). The mode power levayill be given later in section.
(see Eq. (6)), therefore, also exhibits that same singularity
in the denominator. In theory, this singularity is offsetby ~ To revisit the issue of interpolating the amplitude and
the vanishing of numerator terms in the integrand of Egphase of surface pressure as opposed to interpolating its
(4a) so as to provide a finite mode power level. In practicdeal and imaginary parts, figure 11 illustrates the
however, this offset would not occur unless the unsteadgomparison of the two methods on the total power basis.
pressure distribution is known with sufficient accuracy inWhile quantitatively the two schemes produce similar
the vicinity of mode cut-on point. Since, in this work, theresults, qualitatively the predictions based on the amplitude
measured unsteady distributions used in the mode levehd phase tend to produce better data-theory agreement,
calculations result from interpolating originally sparseespecially as at 2BPF where it is expected that phase
distributions, some error is inevitably introduced in thevariation is more critical. Therefore, from here on only
computations of the numerator terms near cut-on. The eri@sults based on the amplitude and phase interpolation will
result of this is an exaggerated mode power level nedre discussed.
¢nn=1. The effect can be quite dramatic with predicted
power levels exceeding by an order of magnitude, or  Therefore the basis onwhich the analytical predictions
more, the measured levels near the cut-on point. It shoulte presented in the next section is interpolation on
be pointed out, the same difficulty would occur withamplitude and phase, and soft cut-on condition
predicted unsteady surface pressures if, for whatevéé,,= 1+0.03).
reason, they were not known accurately.

Comparison of Analytical Predictions to Experimental

To circumvent this problem it was necessary toMeasurements of Mode PWL
“soften” the mode cut-on criterion somewhat by avoiding
the immediate neighborhood of the cut-on point. Thiswas  The comparison of the Green’s function analytical
accomplished by stipulating that a mode is considered cupredictions to the levels measured by the rotating rake is
onwherg, > 1+e wheree is a small positive number. To presentedin figures 12 through 14. The basis of comparison
ensure consistency,must depend on the tone harmonicis the duct mode power levels of the cut-on rotor-stator
order, because the cut-on criterion depends on the tofgteraction modes. It should be noted that the analytical
harmonic order and, hence, any errors incurred at BPF wifiolution predicts the levels at the source and does not
be doubled at 2BPF, tripled at 3BPF and so forth. Thereforé)clude rotor reflection and transmission effects, area
in this paper, the soft criterion was defined aschange reflections, or duct termination; i.e. the mode is
&mn 2 1+0.03 wherej is the tone harmonic order. The generated and propagates in an infinite duct. The rotating
specific choice of the numerical value was determined byake measurements are taken very near the inlet entrance
a careful examination of the predicted mode levels for alpr exhaust exit planes which are at different hub-to-tip
vane counts and RPM. radius ratios (figure 1).

The impact of the modified criterion on the predicted ~ The total mode power level, the sum of all modes fore
levels is summarized in figure 10 where both hard and softnd aft, is presented at BPF and 2BPF in figure 12 for all
cut-on criteria results are compared against the measur&@ne counts. The agreement between theory and data is
power levels. For the sake of brevity, the comparison igenerally excellent. The difference at BPF is less than
carried out on a total (i.e., upstream + downstream}-2 dB with minor exceptions. At 2BPF, the agreement is
radiated power basis for each tone. Clearly, when a modeery good. The differences are greater at a some speeds
just cuts-on (see Table 1), the hard criterion producegost likely due to the relatively lower spatial resolution at
significant over-predictions compared with the data. Théhe smallerwavelength at2BPF. The 26-vane configuration
soft criterion, on the other hand, generates levels that af® an exception to the general agreement. The trend is
in much better agreement with the measurements. TH@rrect but the analytical solution over predicts the PWL
difference between the two criteriais particularly dramatidy approximately 6 dB. The 26-vane case is interesting
for the 28-vanes configuration where the hard cut-orflue to the very sharp increase in mode PWL over a narrow
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RPM range. It is thought to be due to a resonance like Conclusion
condition in the unsteady aerodynamic response of the
statorvane. Thereaderisinvited to compare the magnitude The unsteady surface pressures were measured on the
and phase trends for the 26- and 28- vane configuratiorsiction and pressure sides of a single stator vane installed
shown in the appendix as this is beyond the scope of than the NASA Glenn 48" Active Noise Control Fan. A
paper. A follow-up paper using this data will investigateuniform-flow annular-duct Green’s function model was
the aerodynamic response for this specific case as well dsveloped to predict the duct mode PWL based on the
the general cases. experimentally acquired surface pressures. The model
accounts for real airfoil geometry. These predictions were

The data-theory comparison of the inlet and exhaustompared to the duct mode PWL measured by the rotating
mode PWL are presented for 13 and 14 vanes in figure 13ake measurement system.
at BPF and 2BPF; 26 and 28 vanes in figure 13b for 2BPF.
The analytical solution tends to over predictthe inlet PWL  The results of this paper indicate that the uniform-
while under predicting the exhaust PWL at BPF. Thidflow annular-duct Green’s function method accurately
discrepancy may be due to rotor reflection/transmissiopredicts the duct mode PWL given the unsteady pressure
effects. The 26-vane configuration at 2BPF generates ttdistribution, except very near cut-off. Modifying the cut-
(6,0) mode only so the total is a result of a single modeoff condition improves the data-theory comparisons
The inlet prediction matches levels to within a few dB.significantly. The theory accurately predicts the total
The previously noted disagreement in total PWL levels foPWL at BPF, although inlet levels are over predicted,
the 26-vane configuration can be seen to arise primarilwhile the exhaust levels are under predicted. This may
from an over prediction in the exhaust (6,0) mode levelindicate a physical mechanism beyond the investigative
The prediction for the 28-vane configuration matchesscope ofthis paper, possibly rotor reflection/transmissions.
very well except in the exhaust near cut-on of the (4,17t 2BPF, the total levels, as well as the inlet/exhaust levels
radial (1522 RPM). The comparisons at 2BPF are vergre accurately predicted; though the scatter about the data
good but show some of the scatter about the measurésl slightly greater due to lower resolution at the higher
levels, again probably due to lower effective resolution.frequency. The individual mode PWL are predicted

reasonably well.

The separation into individual circumferential and
radial modes in the inlet and exhaust ducts is presented in A follow-up study using the unsteady aerodynamic
figure 14. Multiple rotor-stator interaction modes existdata from this paper to investigate the ability of current
only at 2BPF at the RPM investigated. The 13-vanemethods to accurately predict the unsteady response of a
configuration shown on figure 14a generates twocascade is planned.
circumferential modes, each with a single radial. The
agreement is very good except at 1600 RPM in the inlet. Appendix
The 14-vane configuration generates a single m-order
with two radials as shown in figure 14b. The analytical  The vane pressure data is presented in an appendix
prediction is very good. The levels are scattered about tifellowing the figures. The magnitude and phase delta
measured values generally within 5 dB. The 28-vanéetween the suction and pressure side is presented for
configuration also generates the (4,0) and (4,1). Thibrevity. Data for BPF and 2BPF are shown for the
comparison is presented on figure 14c. The comparisoris3-, 14-, 26-, and 28-vane configurations in figures Al to
in the inlet are very good, but in the exhaust are les816. These data may be used for validation of analytical
favorable. and numerical studies.
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TABLE |.—ROTOR-STATOR INTERACTION
MODES (M,N) CUT-OFF RPM
[At the three relevant hub-to-tip ratios, O]
(a) At the Inlet Plane (0 = 0.0)

Harmonic
Vane BPF 2BPF
count
13 (3,0) @ 1398 (6,0) @ 1249
(-7,0) @ 1422
14 (2,00 @ 1017 (4,0) @ 886
(4,1) @ 1546
26 | ——————— (6,0) @ 1249
28 | ——————= (4,00 @ 886
(4,1) @ 1546

(b) At the Stator Plane (0=0.31)

Harmonic
Vane BPF 2BPF
count
13 (3,0) @ 1392 (6,0) @ 1250
(-7,0) @ 1430
14 (2,00 @ 987 (4,00 @ 885
(4,1) @ 1522
26 | ——————- (6,0) @ 1250
28 | ——————- (4,0) @ 885
(4,1) @ 1522

(c) At the Exit Plane (0 = 0.5)

Harmonic
Vane BPF 2BPF
count
13 (3,0) @ 1316 (6,0) @ 1248
(-7,0) @ 1422
14 (2,00 @ 894 (4,00 @ 862
(4,1) @ 1468
26 | ——————- (6,0) @ 1248
28 | ——————- (4,00 @ 862
(4,1) @1468
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Rotor Blades (16)
0=0.31 Rotating Rake

Exhaust@ o0=0.5

Rotating Rake
Inet@ o©0=0.0

Stator Vanes
(13,14,26,28
@ 2.25")

Note the change in hub-to-tip ratios ( o)
from source to measurement plane

Figure 1.—Schematic of Active Noise Control Fan Rig.
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Figure 2.—ANCF Instrumented Stator Vane Pressure Measurement Locations.

split line
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\
T
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Figure 3.—Chord Definition for Stator Vane Pressure Measurement Locations.

11
American Institute of Aeronautics and Astronautics



140
135
130

& 125

©

~120

-

%115
110
105

100

120

w o O
O O OO

PHASE (deg)
© o w
o oo

-120
- 150
-180
-210
- 240

SPAN

(relative to duct centerline)

—— 0.91 —e— 0.74 —— 0.49

bt b b b b b b b

140
135
130
& 125
©
—120
%115
110
105
100

0 10 20 30 40 50 60 70 80 90 100

CHORD (%

0 10 20 30 40 50 60 70 80 90 100

CHORD (%

a) suction side

120
90
60
30

0

-30

- 60

-90

é 120
-150
-180
-210
- 240

SE (deg)

0 10 20 30 40 50 60 70 80 90 100
CHORD (%

0 10 20 30 40 50 60 70 80 90 100
CHORD (%

b) pressure side

Figure 4.—ANCF Stator Vane Unsteady Pressures Variation along Chord Line.
(14 Vanes * RPM=1800 * BPF)
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Figure 6.—ANCF Stator Vane Unsteady Pressures Variation along Chord Line.
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